The mechanism underlying the hyperfunctionality of the Arg-389 variant of the human ␤ 1 -adrenoceptor is elusive. Results: Real-time FRET imaging of the Arg-389 variant in combination with site-directed mutagenesis revealed faster activation kinetics compared with the hypofunctional Gly-389 variant. Conclusion: Interhelical interaction of Arg-389 regulates receptor activation speed and efficacy. Significance: Our findings deepen the understanding of heterogeneity of drug responses observed for the ␤ 1 -adrenoceptor.
G protein-coupled receptors represent the largest class of drug targets, but genetic variation within G protein-coupled receptors leads to variable drug responses and, thereby, compromises their therapeutic application. One of the most intensely studied examples is a hyperfunctional variant of the human ␤ 1 -adrenoceptor that carries an arginine at position 389 in helix 8 (Arg-389-ADRB1). However, the mechanism underlying the higher efficacy of the Arg-389 variant remained unclear to date. Despite its hyperfunctionality, we found the Arg-389 variant of ADRB1 to be hyperphosphorylated upon continuous stimulation with norepinephrine compared with the Gly-389 variant. Using ADRB1 sensors to monitor activation kinetics by fluorescence resonance energy transfer, Arg-389-ADRB1 exerted faster activation speed and arrestin recruitment than the Gly-389 variant. Both activation speed and arrestin recruitment depended on phosphorylation of the receptor, as shown by knockdown of G protein-coupled receptor kinases and phosphorylation-deficient ADRB1 mutants. Structural modeling of the human ␤ 1 -adrenoceptor suggested interaction of the side chain of Arg-389 with opposing amino acid residues in helix 1. Site-directed mutagenesis of Lys-85 and Thr-86 in helix 1 revealed that this interaction indeed determined ADRB1 activation kinetics. Taken together, these findings indicate that differences in interhelical interaction regulate the different activation speed and efficacy of ADRB1 variants.
The ␤ 1 -adrenoceptor (ADRB1) is a G protein-coupled receptor (GPCR) 3 that transduces sympathetic stimulation and catecholamine release into cellular responses (1) . It serves a key role in the autonomic nervous system control of various organ functions as well as in various disease states. Consequently, both agonists and antagonists at ADRB1 (i.e. ␤-agonists and ␤-blockers) are in clinical use, and the latter have evolved as one of the most effective and widely used classes of drugs (2) . The efficacy of ADRB1 signaling and the response to ␤-blockers has been reported to vary among patients, and this has been attributed to sequence variation within the coding sequence of ADRB1 (3) . Multiple association studies have identified c.1165CϾG as the most relevant among the variants in ADRB1 (4) . This variant is the most common non-synonymous variation in the ADRB1 gene and results in an amino acid substitution from arginine to glycine at position 389 in the ADRB1 protein. p.Arg389Gly is located in amphiphilic helix 8, which is formed by a stretch of amino acids starting from the distal seventh transmembranespanning domain to the membrane-anchoring palmitoylated cysteine. Its minor allelic frequency (i.e. the frequency of the codon for Gly-389) is approximately 27% in Caucasians and about 42% in African Americans (5, 6) . The Arg-389 variant has been identified as hyperfunctional with a higher efficacy toward cAMP formation (5, 7, 8) . Also, the sensitivity of receptor conformational changes for the ␤-blocker carvedilol was enhanced for the Arg-389 variant (9) . In line with hyperfunctionality of Arg-389-ADRB1, it has been associated with higher blood pressure in large candidate gene studies (10 -12) . Moreover, stronger responses to ␤-agonists in healthy individuals and to ␤-blocker treatment in cohorts of heart failure patients have been reported for the Arg-389 variant (4) . Despite the well established functional importance of the ADRB1 variation at position 389, the mechanistic basis of the altered efficacy of ADRB1 variants remained unclear. Recently developed approaches allow the rapid monitoring of GPCR activation in living cells (9, (13) (14) (15) . In a previous study, we monitored activation of the ␤ 2 -adrenoceptor and demonstrated that this GPCR rapidly changes its original activation kinetics after initial agonist stimulation (13).
Here we use FRET sensors for the ADRB1 variants Arg-389 and Gly-389 to monitor their activation. We show that the Arg-389-ADRB1 is hyperphosphorylated and that this determines its activation speed and arrestin recruitment. Structural modeling followed by site-directed mutagenesis of human ADRB1 further revealed that interaction of the guanidinium group of Arg-389 with opposing amino acid residues in helix 1 regulates its higher activation speed. Our findings propose a molecular mechanism by which a common variant in human ADRB1 determines receptor function.
EXPERIMENTAL PROCEDURES
Molecular Biology and Cell Culture-The generation of the ADRB1-FRET sensors for both the Arg-389 and the Gly-389 variant has been described previously (9) . eYFP-F46L was inserted into the third intracellular loop of the receptor at amino acid position 273 (NotI restriction site). The Cerulean variant of GFP was ligated to the carboxyl terminus of the human ADRB1 sequence separated by a linker of five glycine residues (in the sensor constructs and the single-labeled ADRB1-Cer constructs). A receptor C terminus with all serines and threonines exchanged to alanine was synthetized by Genescript and was used to create phosphorylation-deficient ADRB1 constructs. Point mutations at amino acid position 85 (Lys 3 Leu) and 86 (Thr 3 Val) in transmembrane helix 1 were introduced by PCR amplification of the fragments upstream and downstream of the respective sequence using Accu Pfx DNA polymerase and primers that carried the desired mutation (Leu codon TTG, Val codon GTG). The fragments were then merged by PCR, and the wild-type sequence in the sensor constructs was replaced by the mutated fragment by conventional ligation with T4 ligase (New England Biolabs). ARRB2 was amplified from cDNA of HEK293 cells and N-terminally tagged with eYFP-F46L separated by a 5ϫ Gly linker.
All constructs were verified by sequencing and subcloned into the vector pT-Rex DEST30 (Invitrogen) for expression in HEK293 cells. The Effectene transfection reagent from Qiagen was used to transiently or stably express the respective constructs in HEK293 cells. HEK293 cells were cultured in DMEM (Invitrogen) supplemented with 10% FBS (PAN), 100 units/ml penicillin, and 0.1 mg/ml streptomycin (Invitrogen) at 37°C in a 5% CO 2 atmosphere. Cells lines that stably expressed the polymorphic receptor or sensor variants were selected in the presence of G-418 (Invitrogen, 0.4 -0.8 mg/ml) and characterized in radioligand-binding assays.
siRNA-mediated Knockdown of GRKs-Synthetic siRNA duplexes were purchased from Sigma-Aldrich for the following mRNA targets: GRK2 (5Ј-GAAAUUCAUUGAGAGCGAU-3Ј), GRK3 (5Ј-CAGUUUAUGAAGCAGUAAA-3Ј), GRK5 (5Ј-GCA-GUAUCGAGUGCUAGGA-3Ј), and GRK6 (5Ј-CACCUUCAG-GCAAUACCGA-3Ј). A scrambled RNA duplex (5Ј-GCUUAG-GAGCAUUAGUAAA-3Ј) served as a negative control. HEK293 cells were transfected with 200 nM of each siRNA duplex using HiPerFect (Qiagen) according to the protocol of the manufacturer. After 48 h, the cells were split onto coverslips for FRET measurements performed 24 h later. Successful knockdown was verified by Western blotting 72 h after transfection.
Membrane Preparation and Radioligand-binding Assays-HEK293 cells stably expressing the ADRB1 (sensor) variants (and non-transfected control cells) were grown in cell culture dishes to a confluency of about 70%, washed twice with PBS, and frozen at Ϫ20°C. After thawing, the cells were resuspended in hypotonic buffer (5 mM Tris-HCl and 2 mM EDTA (pH 7.4)), homogenized, and centrifuged twice, first at 1400 ϫ g to remove nuclei and cell debris and finally at 80,000 ϫ g to obtain the crude membrane fraction as the pellet, which was then resuspended in hypotonic buffer. Protein content was determined using the Bradford method with bovine serum albumin Bradford method with bovine serum albumin (Sigma-Aldrich) as a standard or with the BCA protein assay kit (Thermo Scientific).
Radioligand-binding experiments were performed in a volume of 200 l in 50 mM Tris-HCl (pH 7.4) (assay buffer) with 10 g of membrane protein in the presence of 100 M GTP (Sigma-Aldrich) to ensure monophasic binding curves. Nonspecific binding was determined in the presence of 10 M alprenolol (Sigma-Aldrich Receptor activation was recorded using a dual emission photometric system (TILL Photonics). The illumination time was set to Յ50 ms with a frequency of 10 Hz (40 Hz for kinetics). The signals detected by the photodiodes were digitalized with an analog digitizer converter (Digidata 1440A, Axon Instruments), recorded with Clampex 10.2 (Axon Instruments), and analyzed with Clampfit 10.2 (Axon Instruments) and Origin 6.1 (OriginLab). The receptor-arrestin interaction was detected via DualView2 and an Evolve camera (Photometrics). FRET was monitored with Metafluor software (Molecular Devices) and analyzed with Origin 6.1 (OriginLab). The emission ratio was corrected for spillover of Cer into the 535-nm channel and for direct excitation of YFP at 436 nm. For the ADRB1-ARRB2 interaction analysis, cells with a comparable expression ratio of ADRB1-Cer/YFP-ARRB2 were selected.
For monitoring stimulation-induced changes in FRET, cells were continuously superfused with assay buffer, and the ligand was applied with a computer-assisted solenoid valve-controlled rapid superfusion device system (ALA VC3-8, ALA Scientific Instruments). Repeated stimulation was carried out after complete washout of the agonist of the earlier stimulation.
For permeabilization, cells attached to poly-D-lysine-coated coverslips were incubated with internal buffer (100 mM K ϩ aspartate, 30 mM KCl, 10 mM NaCl, 1 mM MgCl 2 , 5 mM EGTA, and 10 mM Hepes (pH 7.35)) containing 0.05% saponin (SigmaAldrich) for 3 min at room temperature and subsequently superfused with internal buffer with or without (Ϫ)-norepinephrine for the FRET experiments.
Confocal Microscopy-Three systems were used for confocal analysis: a Leica TCS SP2 system equipped with a ϫ63 oil objective, an argon laser for excitation of YFP (514-nm laser line), and a diode laser for excitation of Cer at 430 nm (the factory settings were used for recording of the images); an Olympus Konfokal FV1000 system equipped with a ϫ100 water objective and lasers for excitation of YFP (515 nm), Cer (430 nm), and RFP (559 nm); and a Leica TCS SP5II system equipped with a ϫ63 oil objective, an UV laser for excitation of Cer (405 nm), and an argon laser for excitation of YFP (515 nm).
Assessment of cAMP Formation-HEK293 cells stably expressing the polymorphic ADRB1 variants were seeded in 384-well plates, starved overnight, and stimulated with NE for the respective times. cAMP was quantified with the cAMP dynamic 2 kit (Cisbio Bioassays) following the "two-step protocol" of the manufacturer and detected in a homogeneous time resolved fluorescence (HTRF) Pherastar FS reader (BMG Biotech).
Biochemical Assays-For Western blot analysis, cells were washed once with ice-cold PBS and lysed directly on ice in buffer containing 50 mM Tris (pH 6.7), 2% SDS, 1 mM Na 3 VO 4 , and protease inhibitor (Complete Mini from Roche or Halt protease inhibitor mixture from Thermo Scientific). Proteins were quantified using the Pierce BCA protein assay kit (Thermo Scientific). 5-20 g were separated by SDS-PAGE in gels containing 10 or 12% acrylamide and transferred onto Immobilion-P membranes (Millipore Corp.). After blocking the membranes with 5% milk powder for 2 h at room temperature, they were incubated with primary antibody overnight at 4°C (GRK2, catalog no. sc-562, 1:1000; GRK3, catalog no. sc-563, 1:1000; GRK5, catalog no. sc-565, 1:500; GRK6, catalog no. sc-566, 1:1000; and HSP90, catalog no. sc-13119, 1:5000; Santa Cruz Biotechnology). Incubation with goat anti-mouse or anti-rabbit secondary antibody (Dianova, 1:10,000) was carried out after washing the membranes in PBS supplemented with 0.1% Tween 20. Chemiluminescent detection was achieved in a LASmini4000 (Bio-Rad) using the ECL or ECL-Plus detection system from Thermo Scientific. Blots were processed and quantified using Multi Gauge software (Fujifilm).
To assess phosphorylation of ADRB1 in intact cells, stably transfected HEK293 cells overexpressing the polymorphic variants were seeded in 12-well plates in phosphate-free DMEM. The following day, the cells were labeled with 30 Ci/well of [ 32 P]orthophosphate (Hartmann Analytic) in phosphate-free DMEM for 4 h and then stimulated at 37°C as indicated. After washing once with ice-cold PBS, cell lysis was achieved by addition of radioimmune precipitation assay (RIPA) buffer (1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS, 50 mM Tris (pH 7.4), 100 mM NaCl, and 2 mM EDTA) supplemented with Halt phosphatase and protease inhibitor mixtures (Thermo Scientific) and incubation on ice for 30 min. After centrifugation for 10 min, ADRB1 was immunoprecipitated out of the resulting protein supernatant with 2 g of anti-ADRB1 antibody (a gift from M. Ungerer, advanceCOR) and 1 mg Dynabeads protein G (Novex). Immunoprecipitated proteins were supplemented with 6ϫ Laemmli buffer, loaded on 10% SDS-polyacrylamide gels, and subsequently blotted onto a PVDF membrane. 32 P-labeled proteins were visualized by quantitative filmless autoradiography using a Cyclone Plus PhosphorImager (PerkinElmer Life Sciences) and OptiQuant software (PerkinElmer Life Sciences). The images were exported and quantified with Multi Gauge (Fujifilm).
Statistics-Data are presented as mean Ϯ S.E. Statistical analysis was carried out with the Prism software package (GraphPad, version 6.0c). Student's t test and two-way analysis of variance followed by Bonferroni test or corresponding nonparametric tests were used as appropriate. p Ͻ 0.05 was considered statistically significant.
RESULTS

Enhanced cAMP Formation, Receptor Phosphorylation, and Arrestin Recruitment of Arg-389-ADRB1 Compared with
Gly-389-ADRB1-The two variants of the human ␤ 1 -adrenoceptor, Arg-389-ADRB1 and Gly-389-ADRB1, were stably expressed in HEK293 cells, and their basic pharmacological properties were assessed. Both receptor variants yielded comparable expression levels (Arg-389-ADRB1, 2.14 Ϯ 0.20 pmol/ mg; Gly-389-ADRB1, 2.22 Ϯ 0.15 pmol/mg membrane protein), and the binding affinity for the endogenous agonist norepinephrine (NE) was determined by radioligand-binding with CGP-12177 on intact cells (Arg-389-ADRB1, K i ϭ 4.2 Ϯ 0.3 M; Gly-389-ADRB1, K i ϭ 4.3 Ϯ 0.3 M; n ϭ 5-6). We next sought to address the efficacy of the two ADRB1 variants to promote formation of the second messenger cAMP. Stimulation with NE for 10 min yielded a 67% higher efficacy of Arg-389-ADRB1 with regard to cAMP formation compared with Gly-389-ADRB1 (Fig. 1A) . Untransfected HEK293 cells showed hardly any increase in cAMP formation upon NE stimulation.
A key regulatory event following ␤-adrenoceptor activation is the rapid phosphorylation of the receptor protein itself through GRKs. Receptor phosphorylation by GRKs is rapid and promotes binding of ␤-arrestin, a process that serves both regulatory and signaling functions. We determined the extent of phosphorylation of the two ADRB1 variants by [ 32 P]orthophosphate labeling in stably transfected HEK293 cells. Upon agonist stimulation (100 M NE, 5 min), ADRB1 was immunoprecipitated from cell lysates, and the precipitate was subjected to gel electrophoresis and blotting to PVDF membranes. Radiographic quantification (Fig. 1B) indicated a significantly enhanced agonist-dependent phosphorylation of the Arg-389 variant compared with the Gly-389 variant (Fig. 1C) . This NEdependent increase in receptor phosphorylation was primarily dependent on GRKs because it was blunted upon their knockdown by siRNAs (GRKs 2, 3, 5, and 6 in combination; Fig. 1, D and E). Basal phosphorylation levels were not significantly higher for the Arg-389 variant (Fig. 1C) . Non-expressing control cells did not show any signal (data not shown).
Because phosphorylation of the ␤ 1 -adrenoceptor by GRKs is a prerequisite for its interaction with ␤-arrestin, we asked whether the observed differences in receptor phosphorylation would determine its interaction with ␤-arrestin. HEK293 cells were cotransfected with ␤-arrestin 2 (ARRB2, N-terminally tagged with YFP) and the ADRB1 variants (C-terminally tagged with Cer), and FRET between the two was monitored upon stimulation with NE, indicating the translocation of ␤-arrestin to the receptor (Fig. 2, A and B) . Both the speed and the amplitude of the change in FRET ratio were significantly higher in Arg-389-ADRB1-expressing cells compared with cells expressing Gly-389-ADRB1 (Fig. 2C) .
We next investigated whether increased ␤-arrestin recruitment by Arg-389-ADRB1 required phosphorylation of the receptor C terminus. As expected, mutation of C-terminal putative GRK phosphorylation sites in the ADRB1 protein (Fig.  2D ) impaired ␤-arrestin recruitment. Interestingly, the variantdependent differences both in speed and amplitude of the FRET signal were completely blunted (Fig. 2E) . The residual agonist-induced change of the FRET ratio might be due to phosphorylationindependent arrestin interaction or to activation-induced exposition of phosphorylated residues in the intracellular loops. Together, these data indicate that Arg-389-ADRB1 is hyperfunctional with regard to cAMP formation and arrestin recruitment and that the latter depends on enhanced phosphorylation of the receptor C terminus.
Arg-389-ADRB1 Exhibits Faster Activation Compared with Gly-389-ADRB1-Previous studies indicated that different ligands (inducing different conformational states) induce differential phosphorylation of the ␤ 2 -adrenoceptor C terminus (16) and that receptor phosphorylation determined the activation speed and downstream signaling efficacy of the ␤ 2 -adrenoceptor (13) . We therefore hypothesized that differences in the kinetics of agonist-promoted receptor conformational changes might account for the observed variant-dependent differences in receptor functionality of ADRB1. We monitored activation of the receptor variants using receptor activation FRET sensors that were stably expressed in HEK293 cells. These sensors allowed the live recording of receptor conformational changes through ligand-induced reorientation of the inserted fluorophores YFP (in the third intracellular loop) and Cerulean (at the C terminus). The sensors localized at the cell surface and retained the pharmacological and functional characteristics of the native ADRB1 variants (Ref. 9 and Fig. 3A) . Application of the agonist NE led to a decrease in energy transfer from Cer to YFP and, hence, a decrease in the FRET ratio (YFP/Cer) (Fig.  3B ). The activation profile, i.e. the speed and amplitude of ADRB1 activation upon receptor stimulation with a saturating concentration of NE, did not differ between the Arg-389 and Gly-389 variants at the first contact with the agonist. To simulate conditions that would more closely reflect receptor activation occurring in vivo, we subjected the receptor FRET sensor cells to repeated agonist activation (Fig. 3B ). Under these conditions, Arg-389-ADRB1 displayed significantly faster activation kinetics than Gly-389-ADRB1. Compared with the initial stimulation, the latter became slower in its activation, whereas Arg389-ADRB1 retained its high activation speed (Fig. 3, C and  D) . The amplitude of the FRET signal, i.e. the decrease in FRET ratio, was not significantly different (Fig. 3E) .
The Different Activation Kinetics of the ADRB1 Variants Are Dependent on Receptor Phosphorylation and the Interaction with Soluble Intracellular Proteins-
The data shown so far suggested that activation of Arg-389-ADRB1 occurs faster than that of the Gly-389 variant and that this is due to hyperphosphorylation of the former. We next sought to elucidate whether phosphorylation of ADRB1 accounts for the difference in activation speed of the ADRB1 variants. Two approaches indicated that this is indeed the case. First, receptor activation FRET sensors for both variants in which the C-terminal putative ADRB1 phosphorylation sites had been mutated showed nearly identical activation kinetics (Fig. 4, A and B) . Mutation of ten C-terminal serine/threonine residues did not compromise receptor functionality: The amplitude of the FRET signal was not altered compared with the wild-type sensors (Fig. 3E ) (Arg-389⌬Phos sensor, 1.70 Ϯ 0.10%; Gly-389⌬Phos sensor, 1.88 Ϯ 0.24%). Furthermore, the efficacy of NE-mediated cAMP formation was unchanged (EC 50 of the Arg-389 sensor, 419 Ϯ 167 nM; EC 50 of the Arg-389⌬Phos sensor, 232 Ϯ 123 nM, EC 50 of the Gly-389 sensor, 308 Ϯ 77 nM; and EC 50 of the Gly-389⌬Phos sensor, 354 Ϯ 213 nM; n ϭ 4). The differences in potency were blunted upon deletion of the putative C-terminal phosphorylation sites (Fig. 4C) .
The variant-dependent difference in receptor activation was likewise abolished when the receptor-phosphorylating kinases GRK2, 3, 5, and 6 were silenced with siRNAs (Fig. 4B , columns 5 and 6). Additional evidence for the involvement of intracellular interactors was obtained by treatment of the HEK293 cells stably expressing the FRET sensors with the cell-permeabilizing agent saponin. Treatment with saponin was highly efficient because it led to a rapid efflux of diffusible intracellular factors, exemplified by RFP-tagged ␤-arrestin (Fig. 4D) . Similar to the interference with receptor phosphorylation, deprivation of soluble intracellular factors abolished the variation-dependent differences in ADRB1 activation kinetics (Fig. 4E) .
The Variants at Position 389 Determine Receptor Activation by Affecting Helix 1-Helix 8 Interaction-Next we addressed whether position 389 directly affects downstream signaling or whether its potential impact on the overall structure of the receptor would determine receptor efficacy. In an attempt to better understand the structural context of position 389, we performed homology modeling of human ADRB1 and based this on the structure of the carvedilol-bound turkey ADRB1 (PDB code 4AMJ) (17) , where Arg-355 8.56 corresponds to Arg-389 in humans. The ADRB1 protein sequence of human and turkey are 64% identical with high conservation of the helices, including the region around Arg-389 in helix 8. Our model predicts that position 389 is located within helix 8 and that its side chain is oriented toward helix 1 (Fig. 5A, left panel) . Within helix 1, the side chains of Lys-85 1.59 and Thr-86 1.60 are in juxtaposition (Fig. 5A, right panel) . Both amino acids comprise polar side chains that provide a basis for their putative interaction with the positively charged Arg-389. Although Thr-86 1.60 carries an OH group and, therefore, could interact with Arg-389 via hydrogen bonding, repulsion occurs between the guanidinium group of Arg-389 and the ⑀-amino group of Lys-85 1.59 in helix 1. The electrostatic interaction of both residues with position 389 is different in the Gly-389 variant.
These predictions prompted us to test the hypothesis that the interface between Arg-389 and helix 1 in human ADRB1 determines its activation kinetics and, hence, the differences observed between the two variants at position 389. Disrupting the interface of Arg-389 and helix 1 would then be predicted to result in a slower activation of the Arg-389 variant, similar to what is observed for Gly-389-ADRB1. To experimentally test this hypothesis, the respective residues in helix 1 were mutated in our FRET sensors for human ADRB1 (Lys-85 3 Leu-85/ Thr-86 3 Val-86) (Fig. 5B) . The activation profile of the ADRB1 sensors mutated in helix 1 was highly similar to the wild-type variants with regard to the first stimulation with NE (Fig. 5C ). However, both the mutated Arg-389 and Gly-389 variants displayed slower and nearly identical activation kinetics upon repeated stimulation (Fig. 5D) . Exchange of Lys-85/Thr-86 to Leu-85/Val-86 in helix 1 furthermore abolished the higher efficacy of the Arg-389 variant (Fig. 5, E  and F) . Mutation of residues 85 and 86 within helix 1 therefore specifically impaired the activation of the hyperfunctional Arg-389 variant (but not that of the Gly-389 variant), suggesting that the interface between helices 1 and 8 in the ADRB1 protein is critical for receptor activation and downstream signaling of Arg-389-ADRB1.
DISCUSSION
G protein-coupled receptors display considerable genetic variation. For several GPCRs, functional relevance of amino acid-changing variations has been described. One of the most intensely studied GPCR variants with regard to its effect on cellular signaling and its role in physiology and disease is the c.1165CϾG (p.Arg389Gly) variation in the human ␤ 1 -adrenoceptor (4). In comparison to the Gly-389 variant, Arg-389-ADRB1 has been shown to exert higher efficacy for cAMP formation and a stronger response to ␤-agonists and ␤-antagonists. The mechanistic basis for this difference has remained elusive to date.
Here we show that agonist-dependent phosphorylation and subsequent recruitment of ␤-arrestin 2 is increased for the Arg-389 variant compared with Gly-389-ADRB1. Under simulated in vivo conditions (i.e. upon repeated stimulation), Arg-389-ADRB1 displayed faster activation kinetics, a finding that was dependent on receptor phosphorylation. Homology modeling followed by site-directed mutagenesis of human ADRB1 revealed that the interface of the side chain of Arg-389 and opposing amino acid residues in helix 1 determines its higher activation speed.
Hyperfunctionality of Arg-389-ADRB1 was first described with regard to agonist-stimulated adenylyl cylase activation determined in membrane preparations (5), a finding that was . The prestimulated and therefore phosphorylated ADRB1 changed its activation kinetics in dependence of the variation p.Arg389Gly in helix 8. Arg-389-ADRB1 retained its initial speed of activation, and the Gly-389 variant became slower when activated repeatedly. We envision the following scenarios of how the faster activation of the Arg-389 variant may result in an increased efficacy (i.e. enhanced cAMP formation) compared with Gly-389-ADRB1. When norepinephrine binds to ADRB1, a larger fraction of the Arg-389 variant might assume an active state than it is the case for the Gly389-variant. However, this scenario seems unlikely because the FRET responses of the two variants are similar. Rather, we assume that the active and/or the inactive conformations of the two variants exert a difference that is not readily detectable with our FRET sensors for receptor activation. Despite its hyperfunctionality, our data demonstrate that the Arg-389 variant is hyperphosphorylated (and likely recruits more ␤-arrestin) and that this is necessary to maintain its high speed of activation in comparison with the slower Gly-389. Although receptor phosphorylation has traditionally been regarded mainly as an initiating step of receptor desensitization, our data support the recently proposed concept that phosphorylation may determine receptor efficacy through the stabilization of distinct receptor conformations (18) and that ␤-arrestin recruitment of GPCRs initiates alternative routes of cellular signaling (19 -21) . Our finding of enhanced ␤-arrestin recruitment through Arg-389 is in good agreement with a recent study on this variant that reported enhanced MAPK signaling through Arg-389 (8), a signal that is generally assumed to depend on ␤-arrestin.
The hyperfunctional Arg-389 variant recruits arrestin more efficiently with regard to Gly-389-ADRB1, with arrestin constituting a major component of the GPCR desensitization machinery (particularly studied in great detail for the ␤ 2 -adrenoceptor (22)). However, norepinephrine-mediated arrestin binding to ADRB1 seems to be weak, and the desensitization process appears to be different for ADRB1 compared with ADRB2 (13), resulting in less internalization and down-regulation of ADRB1 (23, 24) . Furthermore, we assume that, in our experimental setting for determination of cAMP formation (Fig. 1A) , not every receptor is bound to arrestin at any point of time as we overexpress the ADRB1 variants, whereas only the endogenous arrestin pool is available. We finally propose a mechanism underlying the observed differences in receptor activation and signaling. Homology modeling and site-directed mutagenesis suggest that the receptor conformation around arginine at position 389 in helix 8 is influenced by the Arg-389-opposing residues Lys-85 and Thr-86 at the intracellular end of transmembrane helix 1. The electrostatic interaction of Arg-389 might aid the receptor to return to an inactive conformation, which is different from the Variant-dependent ␤ 1 -Adrenoceptor Activation inactive conformation of the prestimulated Gly-389-ADRB1. Starting from the inactive conformation of the prestimulated Arg-389-ADRB1, activation is faster and, therefore, allows this variant to retain its initial speed of activation. Because the disturbance of the Arg-389-helix 1 interface slowed activation of the Arg-389 variant, we hypothesize that the helix 8-helix 1 interface directly determines variantspecific receptor conformation of the phosphorylated receptor. Accordingly, the two variants of the receptor need to assume different conformations, although these different "basal" conformations are not amenable to our sensor approach. NMR spectroscopy and molecular dynamics simulations that were made on the basis of structure determination of antagonistand agonist-bound and G protein-coupled states of the same GPCR predict that a GPCR assumes multiple conformations and oscillates between them (25, 26) . In this concept, a certain "state" of a GPCR (e.g. bound to a specific ligand) merely occurs with a certain likelihood. Future studies can be expected to increase the number of defined conformations of individual GPCRs as well as our understanding of the dynamic transitions between them. Such work may also include receptor variation and posttranslational modifications such as receptor phosphorylation.
A future step with regard to the variation of ADRB1 would be the crystallization of the human ADRB1 variants at position 389 both in the active and inactive states. Delineation of the conformation of the C terminus is challenging because it appears highly dynamic and is not structured. The C terminus has not been solved for any GPCR to date (17, (27) (28) (29) (30) (31) . This would show whether the differential phosphorylation is a quantitative effect or whether the accessibility of residues for phosphorylation by GRKs is altered because of variant-specific conformation of the C terminus. The latter may involve a phosphorylation "bar code" for ADRB1 variants, a phenomenon that has been described for the ␤ 2 -adrenoceptor upon binding of different ligands (16) and for the M3 muscarinic receptor upon activation in different cell types (32) . Studies on ␤ 1 -adrenoceptor phosphorylation published to date focus on whole receptor phosphorylation by protein kinase A or GRKs (19, 23, 24, 33) but did not investigate specific phosphorylation sites. It appears conceivable that the variant-specific conformation of ADRB1 determines the pattern of its phosphorylation and that this determines receptor efficacy through the stabilization of certain receptor conformations.
